Summary: Duchenne muscular dystrophy (DMD) is a fatal disorder affecting approximately 1 in 3500 live born males, characterized by progressive muscle weakness. Several different strategies are being investigated in developing a cure for this disorder. Until a cure is found, therapeutic and supportive care is essential in preventing complications and improving the afflicted child's quality of life. Currently, corticosteroids are the only class of drug that has been extensively studied in this condition, with controversy existing over the use of these drugs, especially in light of the multiple side effects that may occur. The use of nutritional supplements has expanded in recent years as researchers improve our abilities to use gene and stem cell therapies, which will hopefully lead to a cure soon. This article discusses the importance of therapeutic interventions in children with DMD, the current debate over the use of corticosteroids to treat this disease, the growing use of natural supplements as a new means of treating these boys and provides an update on the current state of gene and stem cell therapies.
INTRODUCTION
Duchenne muscular dystrophy (DMD) is a fatal disorder affecting approximately 1 in 3500 live born males. It is characterized by progressive muscle weakness starting in the pelvic and shoulder girdle musculature then spreading to the extremities. Boys typically present at 3 -5 years of age and death often ensues during the third decade, most frequently from respiratory complications or cardiac failure. Although the exact pathophysiologic mechanism is unknown, the disease is due to the absence of dystrophin, a subsarcolemmal protein that adheres actin to the membrane bound dystroglycan complex ( fig.  1 ). Many other integral proteins associated with the dystrophin complex have been identified, with mutations in the genes encoding these proteins leading to the large category of limb-girdle muscular dystrophies. The one unifying pathologic finding in these conditions is the evidence of chronic degeneration and regeneration seen on muscle biopsy, which includes the presence of endomysial fibrosis and fatty infiltration.
Even with a better understanding of the etiology of this condition that has developed over the two decades since dystrophin was discovered, we still do not have a cure. While researchers are working on stem cell and gene therapies as potential cures, others are evaluating different medications and supplements that may have a positive impact on the quality of life for boys afflicted with this disorder and may even help prolong a child's lifespan.
One of the difficulties with studies evaluating different drugs is the difference between strength and function. It has been shown that a small reduction of muscle force can accompany a large reduction in functional ability. 1 Conversely, although muscle force may become severely reduced, functional ability can remain stable for longer periods of time. 2 Other researchers have reported a good correlation between strength and function in patients with spinal muscular atrophy. 3 Studies have been further confounded due to the question of correlations between age and strength 4 and age and function.
1
Therapeutic interventions
Until a cure for DMD is discovered, the mainstay of treatment is supportive and preventative care with close monitoring of the child's cardiac and pulmonary status and for the development of scoliosis and contractures. In a study that followed 283 boys with DMD for up to 10 years, no correlation could be detected between the development of joint contractures and the use of passive joint stretching exercises. 5 However, the prevention of contractures of the heel cords, knee extensors and ili-otibial bands was statistically correlated to the use leg braces. Furthermore, heel cord contractures were reduced with regular use of night splints.
Exercise in ambulant DMD patients has been shown, in a few, randomized controlled studies, to have a beneficial effect, especially in those children with the least functional muscle impairment. 6 This was especially true during the first few months of training, 6, 7 and with submaximal exercise. 8 These findings, plus reports of low frequency electrical stimulation improving strength 9 and high frequency stimulation seeming to have a deleterious effect, 10 led to the recommendations of daily stretches in the lower extremities, encouragement of voluntary active exercise and the avoidance of eccentric activities, from the Muscular Dystrophy Campaign workshop. 7 Other recommendations from this workshop included ankle foot orthoses (AFOs) to be used at night in conjunction with stretching. However, AFOs were not recommended to be used while the ambulant child is awake since they could compromise the ability to walk, but in the nonambulant child they should be used during the day to prevent contractures and deformities or if tenotomies were performed.
Surgical correction of contractures should be considered only in specific situations. Ambulatory patients utilize an equinus deformity to compensate for severe proximal weakness so Achilles tendon lengthening may lead to further weakness and subsequent wheelchair dependence. 11 Some have advocated for intervention before significant contractures develop eliminating the need for intensive physical therapy postoperatively, as well as the need for physical therapy after the postoperative period. 12 This approach is also felt to prolong brace-free ambulation and maintain lower extremity strength. Knee and hip contractors tend to occur concurrently after the child becomes wheelchair bound. These contractures can cause significant problems with positioning in bed and may lead to significant pain from muscle spasms and an increase in lumbar lordosis making tendon lengthening procedures important to improve the quality of life for these boys. 11 Upper extremity contractures tend to develop during adolescence and typically do not require surgical intervention.
Besides contractures, scoliosis is another common orthopedic problem encountered in DMD, especially when the child losses the ability to walk. 11 Braces are not effective and surgical correction becomes riskier over time due to cardiopulmonary weakness so early spinal stabilization when the curve reaches 30 degrees is often indicated. From a pulmonary standpoint, surgery has been recommended before vital capacity is below 30-35%. 13 Scoliosis exaggerates diaphragmatic weakness, reducing vital capacity and compounding the restrictive lung disease inspiratory muscle weakness causes. In addition, expiratory muscle weakness leads to an ineffective cough with causes atelectasis and pneumonia in the setting of restrictive lung disease. To decrease these complications, positive inspiratory pressure plus chest physiotherapy, most recently aided by the development of pneumatic vests, is recommended. 13 Apart from scoliosis, the thoracic and abdominal muscle weakness that develops before diaphragmatic weakness leads to restrictive lung disease, which is seen as a diminution of maximal expiratory pressure typically after 7 years of age. 13 Nocturnal hypoventilation and hypoxemia occurs when accessory muscle weakness develops and can be treated with noninvasive positive pressure ventilation (NPPV), which has been found improve survival, 14 mental health, and social function. 15 Once vital capacity drops to 12% predicted or less, boys with DMD tend to require daytime ventilatory assistance. 16 
Corticosteroids
Prednisone. In the 1960s, the initial studies on the use of steroids in DMD did not show favorable results. 17, 18 This finding continued to be reported in the early 1970s 18 until 1974 when Drachman, et al. 17 reported a small study of fourteen boys with DMD who were treated with 2mg/kg/day of prednisone for 2 to 3 months when the dose was then tapered to roughly 1.3mg/kg on alternate days. There was no randomization and the study was not double blinded due to the obvious cushingoid effects seen within the first month of use. The boys were treated up to 28 months. It was felt that there was improvement or stabilization of functional status, which lasted for variable lengths of time, ranging from 3 to 28 months. Over 1/3 of the boys treated with prednisone continued to deteriorate.
Thirteen years later further studies evaluating various dosages of prednisone were published. 19, 20 Drachman's group repeated their protocol following 16 boys for one or more years, during which time ½ of this group became wheel chair bound and another quarter quickly became chair dependent shortly after discontinuation. 17 Brooke's study used a dose of 1.5mg/kg daily for 6 months in 33 boys, 6 of whom were wheelchair bound and could not perform the time function studies. 19 The findings in this group were compared to that of historical controls and overall there appeared to be improvement in strength and function, but, as the authors point out, the study was neither randomized or blinded.
The first randomized, double-blind placebo controlled study was reported two years later comparing a 6-month trial of daily prednisone at doses of 0.75mg/kg and 1.5mg/kg in 103 boys. 21 Strength testing, evaluated by an expanded 10-point score based on the grading system of the Medical Research Council (MRC), improved in the first 3 months and then stabilized compared to both placebo and historical control groups. These findings were also observed in the timed function tests, however, only one-half of the boys were tested in time to stand and two-thirds were tested in time to climb stairs. The third function tested, time to travel, was markedly skewed in favor of the lower dose prednisone group from the onset. The three statistically significant side effects were hair growth, cushingoid features and weight gain. Other side effects monitored for were behavioral changes, gastrointestinal symptoms, acne, easy bruising, glycosuria and cataracts.
The only other randomized, double-blinded, controlled, large-scale trial of prednisone in the literature to date 22 was published by the same group 2 years later when they compared doses of 0.3mg/kg/day and 0.75mg/ kg/day to placebo. 23 Again, this was a 6-month study with initial increase in strength scores at 10 days for the low-dose group and up to 3-months in the higher dose group followed by the same rate of decline seen in the natural history group. Interestingly, the placebo control group also showed an increase in strength for the first month, followed by a more rapid decline than the historical controls. In the timed function tests, which again were only completed by ½ to 2/3 of the boys in the study, improvements in the high-dose group were seen, with less of a benefit for the lower dose. The statistically significant side effects were the same as the previous study, although they did not tend to occur until after the one-month evaluation, helping to decrease the chances of observer bias.
Since then, this same group reported their observations on daily versus alternate day dosing for 6 months after the trial comparing 0.75 to 1.5mg/kg/day. They found daily dosing at 0.75mg/kg maintained the effects longer than 2.5mg/kg on alternate days. 24 After completing one year in these two trials, 93 boys were placed on longterm prednisone at 0.75mg/kg/day and were found to have a slower progression of weakness compared to the natural history controls. 25 The boys in the trial comparing 0.3 to 0.75mg/kg/day were followed up for a total of 18-moths, during which time the low-dose and placebo groups were given the addition of azathioprine and a placebo was added to the high-dose group. 26 Interestingly, azathioprine did not improve strength, nor did it add any additional benefit to the low-dose of prednisone. The authors reported a sustained benefit from the highdose treatment group.
Several other prednisone dosing regimens have been examined in the ensuing years including 0.75mg/kg/day for the first 10 days of the month, 1,27 the same dose for 10 days on and then 10 days off 28 and 10mg/kg given over two days weekly. 29 Unfortunately, all of these studies either have very few patients (all Ͻ20) and only one was randomized.
1 These various regimens have helped reduce the amount of side effects seen with the more recent studies also being able to better evaluate the effects of steroids on bone density. Alendronate, a bisphosphonate, has been shown to maintain bone mineral density in steroid-treated boys with DMD and was well tolerated. 30 Vitamin D and calcium supplementation is recommended when using long-term steroids.
Prednisone has also been evaluated in boys as young as 2 to 4 years of age with the thought that the earlier the treatment is started the better chance of an effect. 31 The ability to rise from a seated position was preserved longer in the 5 boys treated, but timed function tests were not significantly different. Prednisone has also been sug-gested to preserve cardiac function in a retrospective study. 32 
Deflazacort
In 1991, Mesa et al. 33 and Angelini et al. 34 reported the first double-blinded, placebo-controlled studies substituting Deflazacort (DF), an oxazoline derivative of prednisone, in place of prednisone. DF had been shown to have less side effects than prednisone and in this study caused a statistically significant increase in muscle strength and improvement in timed function tests. Three years later, Angelini et al. 35 , reported their findings from the only randomized, double-blinded, placebo controlled study of Deflazacort, 22 where they compared 2mg/kg DF on alternate days in 17 boys to 11 boys in the placebo group. DF was found to slow the progression of weakness compared to the placebo group with less side effects when compared to studies using prednisone. A retrospective study published in 2001 showed that boys treated with DF retained the ability to walk for a longer period of time compared to those not treated. 36 Asymptomatic cataracts had developed in 1/3 of the of the treatment group, a side effect that has very rarely been reported in any of the prednisone trials. DF is currently not available for use in the United States.
A comparison of two treatment protocols for DF, one using 0.6mg/kg/day for the first 20 days of the month and the other 0.9 mg/kg/day (equivalent to 0.75mg/kg/day of prednisone), showed the higher dose to be more effective in prolonging functional ability when compared with boys in both trials that either stopped taking DF or chose not to take it. 37 Once again, however, approximately one-third of boys developed asymptomatic cataracts in the high-dose group. Unfortunately, a meta-analytic approach could not undertaken to further evaluate the beneficial effects of DF due to the heterogeneity in outcome measures of the published studies. 38 Finally, like prednisone, DF has been shown, in a small, retrospective study, to preserve cardiac function in boys with DMD treated with DF for 3 years or more. 39 
Prendisone versus Deflazacort
In 2000, the first comparison study of prednisone and Deflazacort was published. 40 This was a double-blinded, randomized trial comparing daily doses of 0.9mg/kg DF to 0.75mg/kg prednisone. Eighteen boys were treated with one or the other regimen and their findings after one year of treatment were compared with 7 ambulant boys, serving as the control. There was no statistically significant difference between the 2 treatment groups in both strength, as measured by MRC score, or function. However, one patient in the prednisone group who had lost ambulation dropped out of the study causing an improvement in the prednisone group's scores between the 9 th and 12 th month. The side effect profile was also similar in the two groups, including cataract formation, which was reported in two boys on DF and one taking prednisone.
In 2004 Manzur, et al., 22 published their Cochrane review of glucocorticoids' effects in boys DMD. As mentioned above, there have only been two large-scale, randomized, double-blinded, placebo controlled studies evaluating daily prednisone. The review combined these studies with a third study of 47 treated boys and found a significant improvement of strength, based on MRCbased scores for the 6-month period of the study. Unfortunately there are no good studies evaluating a longer duration of treatment. Only one study, which used DF, evaluated the primary outcome measure of prolongation of time to loss of ambulation, which the authors reported prolonged ambulation; 35 however, according to the authors of the Cochrane review, the statistical technique was not appropriate. 22 The authors also report that while 0.75mg/kg of prednisone daily appears to improve strength and function for six months to two years, the potential harms are significant.
Review of the same studies by the Quality Standards Subcommittee of the American Academy of Neurology and the Practice Committee of the Child Neurology Society led them to publish a practice parameter recommending that prednisone at 0.75mg/kg/day should be offered as treatment with a gradual taper of the dose to as low as 0.3mg/kg/day if side effects occur. 41 They also advise that the discussion of steroid use be balanced with a dialogue of potential risks and that Deflazacort can be used in countries where it is available.
Oxandrolone
To evaluate other potential steroids as potential treatment in DMD, a pilot study of Oxandrolone, an anabolic steroid, was undertaken. 42 This was a 6-month, randomized, double-blinded, placebo controlled study of 51 boys, 26 of whom randomized to the 0.1 mg/kg/d oxandrolone group. There was no significant change in average strength tested manually, but there was one in quantitative muscle testing with some stabilization of the progression of weakness at 6 months. However, the placebo group did not weaken at rate expected from natural history studies, possibly due to a younger age of the boys in the study. There was no significant difference in the time function tests and no adverse effects.
Mechanism of action
The mechanism by which steroids seems to work in these boys is still being determined. When muscle biopsies were taken from boys who were treated with prednisone, there was a significant decrease in the total number of mononuclear cells per mm 2 compared to the placebo group. This was due to a drop in CD2ϩ and CD8ϩ cells, as there was no significant difference in the CD4ϩ, subgroup, B-cells, natural killer cells or macrophages. 43 There was also no significant difference in the number of necrotic fibers. These findings suggest that at least one of prednisone's effect in DMD is due to a decrease in the number of cytotoxic/suppressor T cells. This would also lead to a decrease in cytokine activity. However, suppressing the inflammatory infiltrate is not sufficient by itself. When muscle biopsies were examine after the 6-month trial of prednisone versus azathioprine, there was no statistically significant difference in the lymphocyte population between the two groups, but the patients treated with azathioprine did not show a clinical improvement. 44 Prednisone has also been shown to up-regulate upwards of 50 skeletal muscle genes, some important in regulating muscle hypertrophy. 45 There was also an increase in protein markers for muscle regeneration. Prednisone has also been reported to shift the fiber type towards the fast-twitch fibers. 45 On the other hand, prednisone was not found to up-regulate utrophin, a homologue of dystrophin, which binds to the sarcolemma in boys with DMD and may be able to maintain the dystrophin associated complex in high enough levels, 46 nor was there an increase in calcineurin activity, which has been reported to be crucial for successful muscle regeneration in the mdx mouse, the animal model of DMD. 47 Cyclosporine, at 30mg/kg/day, was used to inhibit calcineurin signal transduction pathway and treated mice were found to have a lower muscle mass and generated less isometric force than control mice. There was also an increase in connective tissue and cellular infiltrate with a loss of viable muscle fibers. However, when one-third of the dose was given to mdx mice, there was a significant improvement in the pathologic findings compared to the placebo group and prevention of exercise-induced loss of muscle strength. 48 An even smaller dose (5mg/kg/d) given to 15 boys with DMD increased force generation in the tibialis anterior. 49 It has also been shown in the mdx mouse that DF at 1.2mg/kg injected subcutaneously daily was shown to promote the proliferation and/or fusion of muscle precursor cells during repair in response to injury, as well as long-term growth of all intact fibers. 50 Prednisone was found to only promote an increase in diameter of fibers, but not the growth of regenerating myotubes.
Supplements
Nutritional supplements are being used more frequently either in conjunction with medications or on their own. Several supplements have been evaluated for efficacy in DMD. Two recent studies have evaluated the use of creatine monohydrate, an amino acid found in muscle that stores energy as phosphocreatine for immediate use. It has been shown to increase strength in patients with neuromuscular disorders 51 as well as reduce necrosis in the mdx mouse. 52 A double-blinded, randomized, cross-over study of creatine, in boys with DMD, for 4 months showed an increase in handgrip strength and fat free mass. 53 One-half of the boys in the study had been taking corticosteroids for over 6 months and interestingly, there was no statistically significant difference of strength between this group and the boys not treated with corticosteroids and the decline in strength over the 10 month study period was similar. In fact, the beneficial effects of creatine were found to be independent of corticosteroids use. The other study evaluated creatine to glutamine and placebo in steroid-naïve boys with DMD in a 6-month, double-blinded trial. 4 Supplementation with glutamine is felt to prevent muscle catabolism. This study found no statistically significant effect of either therapy on manual and quantitative muscle strength, although there appeared to be a trend towards less deterioration in all other outcome measures. The authors postulate that this was due to the fact that the placebo group did not deteriorate in strength over the study period.
L-arginine is amino acid that enhances nitric oxide synthesis. Nitric oxide synthetase (NOS) is found under the sarcolemma, as is utrophin, possibly implying a correlation between the expression of utrophin and activity of NOS. 54 In fact, when wild type and mdx mice were treated with nitric oxide donor or L-arginine, utrophin expression increased. 55 In the mdx mouse, L-arginine supplementation was found to lead to less muscle necrosis, smaller amounts of collagen and fatty replacement without a change in the number of fibers with central nuclei, signifying the reduction of necrosis was not due to myofiber regeneration. 54 It has also been shown in this mouse model that L-arginine treated mdx muscle were less susceptible to contraction-induced injury. 56 Finally, a combination of creatine monohydrate, conjugated linoleic acid, alpha-lipoic acid and betahydroxy-beta-methylbutyrate (HMB) improved strength and decreased fatigue in the mdx mouse. 57 This combination was better than any individual supplement alone as well as prednisone alone, although all had some benefit. The combination with prednisone provided the best results.
Myostatin
Myostatin is a member of the Transforming Growth Factor-beta family of signaling molecules expressed predominantly in muscle. 58 Blocking myostatin in mice resulted in excessive growth and increased force generation of muscle. 59 In fact, A young boy with exaggerated muscle hypertrophy was found to have a mutation in the myostatin gene. 60 In the mdx mouse, blocking myostatin by injecting blocking antibodies lead to an increase in body weight as well as muscle mass, size and strength. 61 When the mdx mouse was crossed with mice with a myostatin null mutation, the mdx mice that were homozygous for the myostatin mutation were larger and more muscular than those mice that did not carry the myostatin mutation. 62 Muscle fiber size was increased in the mice with the null mutation and there was decreased amount of fibrosis and fatty infiltration. CPK was similar in both groups as was central nuclei. Finally, mdx mice with a dominant negative form of myostatin receptor were also found to have larger muscles and their muscle fibers had a greater resistance to exercise-induced injury. 63 It was also discovered in this study that myoblast transplantation was significantly more successful in these mice than those mdx mice with a normal myostatin receptor gene, giving new possibilities to the use of myoblast transfer in the treatment of DMD.
Cell therapy
Myoblast transplantation as a potential therapeutic approach arose from the basic property of muscle being a multinucleate syncytium. Studies in the 1970's showed that mononucleated muscle cells, when directly injected into mature muscle, fuse with mature muscle and thus contribute new nuclei to the syncytium. 64 This was recognized as a potential way to introduce normal alleles into multinucleated muscle fibers composed entirely of nuclei bearing genetic defects and thus as a way to treat, genetically, hereditary muscle diseases. While the concept is appealing, the procedure has come up against several obstacles. After studies established the possibility of myoblast transplantation in normal mice, 65 ,66 myoblast transplantation was shown to convert dystrophinnegative fibers to dystrophin-positive fibers in the mdx mouse. 67 Several clinical trials where myoblasts were injected into various muscles of boys with DMD were then undertaken with poor results. In one study, there was no improvement in strength in those boys who received injections in the biceps once a month for six months. 68 Half of the boys received cyclosporine for immunosuppression after the transplant, but even in this group there was no improvement in strength nor did it provide a beneficial effect on the transfer. The researchers were unable to determine the percentage of donor dystrophin present. In another study where myoblasts were injected into the tibialis anterior in DMD boys, who were then treated with cyclosporine for 7 months, there was an increase in force generation in both the treated and untreated leg, suggesting a beneficial effect of cyclosporine. 69 The study also found that a small amount of donor cells survived and produced dystrophin, without altering strength. Another group reported a positive effect after transfer therapy, with the presence of donor dystrophin up to 6 years after the transfer. 70, 71 This finding has not be validated. 72 In 2002, Gussoni, et al. 73 reported the case of a 12-year-old boy with DMD who had a bone marrow transplant for severe combined immunodeficiency at the age of one year. The muscle biopsy from this patient showed the presence of donor nuclei in less than one percent of the muscle fibers, demonstrating the ability of exogenous bone marrow cells to fuse into skeletal muscle and last more than a decade. This finding had been reported earlier after mdx mice underwent a bone marrow biopsy and were found to a have a small number of dystrophinpositive fibers from the donor, 8-12 weeks after the procedure. 74, 75 Revertant fibers, fibers producing a shortened form of dystrophin by skipping the mutation in mdx mice in exon 23, 76 may lead to false results, so researchers used another mouse model with a dystrophinopathy due to a premature stop codon in exon 53 of the dystrophin gene. 77 These mice are known to have a very small number of revertant fibers. After a bone marrow transplant, clusters of fibers that were dystrophin-positive were found in all the animals. However, the dystrophinpositive fibers only averaged a total of 0.25% of all fibers after 10 months, even though in the rest of the organs the percentage of donor cells was greater than 85%.
Being able to deliver myogenic cells systemically, versus injecting into the affected muscles, will greatly improve the use of this therapy if the efficiency of myogenesis from bone marrow derived cells can be increased. The other obstacle that needs to be addressed is the immunologic response of the host body to the newly formed dystrophin in a system where the protein was previously absent. This problem has also been causing difficulty in gene therapy.
Gene therapy
Dystrophin is the largest gene in the human genome composed of 2.6 million base pairs and containing 79 exons. Because of it's large size it is highly prone to spontaneous mutations. Approximately 60% of boys with DMD will have a deletion of one or more exons and another 5-10% have a duplication. The remaining 30-35% are due to point mutations. If the mutation leads to a shift in the reading frame, dystrophin will not be produced and the child will have Duchenne phenotype. If the reading frame is not disrupted, an abnormal dystrophin will be created and the child will have the milder phenotype, Becker muscular dystrophy (BMD).
Over the years, various strategies have been examined for use as a treatment in DMD, if not a cure. The initial adenoviral vectors created were too small to fit the entire coding sequence for dystrophin. The vectors were then gutted, removing all adenoviral genes, allowing the necessary DNA to be inserted. 78 This vector had added benefits of a reduced host immune response due to the decreased viral protein load and increased the persistence of transgene expression in the muscle. Two significant problems still remained, the virus is too large to cross the extracellular matrix to get to the muscle fibers and the myofibers have few receptors for adenoviruses to attach to. 79 Upregulating adenovirus receptors has been shown to improve gene transfer efficiency in transgenic mice, allowing for reduced viral vector loads. 80 Unfortunately, there is currently no known way of applying this to humans. Herpes simplex virus has been used since it can naturally hold a large insert, but similar problems to those seen in the adenoviral vectors were encountered, although newer generations have been created causing less of an immune reaction and longer transgene expression time. 81, 82 Other viruses have also been considered as alternatives to those mentioned above. To be useful, smaller sections of the dystrophin gene would need to be inserted. Mild phenotypes have been associated with deletions near the N-terminal domain and the C-terminal domain does not appear to be required for the assembly of the dystrophinglycoprotein complex. 79 Therefore, minidystrophin genes can be constructed to reduce the severity of the disorder, converting a patient with Duchenne phenotype to that of a Becker phenotype. 83 This has been shown to be successful in the mdx mouse. 84 Adeno-associated virus (AAV) is now used more commonly for gene transfer given its nonpathogenicity, broad tropism and infectivity and long-term persistence. 85 Although nonselective tissue transduction may make it more difficult to utilize, certain serotypes have a natural tropism for muscle, making them attractive candidates for the treatment of muscular dystrophies. These vectors, containing micro and mini-dystrophin gene constructs have already been tested in the mdx mouse, with effects lasting up to six months. 79 More recently, high capacity vectors have been created allowing for fulllength delivery of dystrophin, although certain properties of these vectors make them unsuitable for long-term genetic correction. 86 Lentiviral vectors, derived from a small family of retroviruses, have been found to stably transduce post-mitotic cells with expression lasting up to 2 months with no associated immune response. 87 Synthetic, non-infectious DNA plasmid vectors have also been studied since they can also hold large inserts. Initial studies in the mdx mouse 88 and the dog model 89 were promising, so nine boys with DMD or BMD underwent a phase I study. 89 The dystrophin plasmid was injected in the radialis and a muscle biopsy was taken 3 weeks later. The vector was detected in all patients and in 6 of the 9 boys, dystrophin expression was found. Although expression was low, there was complete sarcolemmal staining in 6% of the fibers and partial staining in almost 30%. The therapy was well tolerated and there was no evidence of anti-DNA antibodies or any antidystrophin immune response. The authors report that they are currently evaluating the feasibility of intravascular administration of these plasmids to be able to treat the disease systemically, rather than focally.
Other methods to alter the dystrophin gene have been studied. Chimeraplasts, a double-stranded DNA-RNA hybrid molecule, repairs genes through natural DNA repair mechanisms. This technique is possible only for point mutations. There have been promising results in mdx myoblasts, 80 as well as in the mdx mouse where dystrophin-positive fibers were found clustered around the site of the intramuscular injection of the chimeraplasts. 90 Since this method is only useful for those boys with a point mutation, only a minority of boys may benefit from this technique. Although the effects are cumulative and permanent, the method is still inefficient and dependent of the rate of repair activity of the host cell. 79 Finally, taking a cue from revertant fibers, exon-skipping was considered as another possible mechanism in reducing the severity of DMD, as it can turn an in-frame mutation to an out-of-frame mutation. Antisense oligoribonucleotides (AONs) have been shown to be a safe and efficient method to induce this process in the dystrophin gene. 91 Intramuscular injections in the mdx mouse led to persistent production of dystrophin at normal levels in large numbers of muscle fibers. 92 Also, the mice showed functional improvement of the treated muscle. Dystrophin expression was enhanced with repeated injections and no immune response was elicited. It has been estimated that approximately 70% of boys with DMD caused by intragenic deletions could be helped by this approach. 93 In fact, two European clinical trials are getting ready to begin. 93 As with any gene therapy, there is a concern that once boys who are not producing fulllength dystrophin start to do so they will have an immunologic response to the new protein. However, it has been pointed out that many DMD patients express rare revertant fibers, which increase in number with age, and do not attract attention of the immune system. 94 One advantage to this therapy is that it corrects all isoforms of dystrophin and maintains the original tissue-specific gene regulation. 79 Interestingly, some feel that since no permanent genetic changes are induced and the site of action for these molecules is the gene transcript and not the gene, this should not be considered a form of gene therapy. 95 
Aminoglycosides
Aminoglycosides, such as gentamicin, can suppress premature stop codons by causing a relaxation in codon recognition, making the use of this class of drug another possible option. Again, this treatment would only be available for a small percentage of boys afflicted with DMD. Since the mdx mouse's point mutation on chromosome 23 leads to a premature stop codon, gentamicin was tried and successfully restored functional dystrophin. 96 Unfortunately, results have not been as promising in clinical trials. 97 Most likely these findings are partially due to the our inability to deliver adequate amounts of the drug due to it's toxicity. A new class of drugs, which targets nonsense mutations, has recently been introduced and studies are planned on evaluating the first drug in this class, PTC124, in boys with DMD.
CONCLUSION
While investigators are developing ways to utilize stem cell and gene therapies to hopefully cure DMD, others are trying to find other methods of at least stabilizing the progressive weakness that develops in this condition. In the mean time, therapeutic intervention, in conjunction with the use of orthotics, orthopedic manipulation and assistance with respiratory compromise that develops can help improve a child's quality of life and hopefully delay death, which is typically due to respiratory or cardiac failure. A thorough conversation about the use of corticosteroids, outlining their potential risks and benefits is recommended. Also, nutrional supplements, which are safe and usually well tolerated, should be discussed with the patient and his family.
